Aim: Mounting ecological impacts of invasive species on freshwater ecosystems are among the greatest challenges confronting ecologists and decision-makers in conserving biodiversity and ecosystem function. Tools to slow the proliferation of aquatic invasive species are still needed to guide the allocation of limited resources more effectively and efficiently once a species is already established. Here we develop mechanistic models to recreate the invasion history of the rusty crayfish Faxonius rusticus in the John Day River (JDR) basin, forecast its future distribution, and evaluate the management efficiency of, and trade-offs among, population control actions.
| INTRODUC TI ON
Invasive species are a primary threat to global biodiversity, economies, and human health (Mack et al., 2000) . Recent decades have witnessed considerable advancement in our understanding of invasive species ecology, yet there is a widening disparity between the growth in knowledge and the management capacity to effectively respond (Early et al., 2016) . Together with pre-emptive policy enforcement and funding for monitoring and control, there is a fundamental need for quantitative models that are tailored to specific stages of the invasion process, relevant to particular pathways of invasion, and whose framework can be applied to similar species (Ibanez et al., 2014; Lodge et al., 2016) . The ability to modify the complexity of these models based on management objectives, data availability, and ecological knowledge of the focal species remains a research frontier (Gallien, Münkemüller, Albert, Boulangeat, & Thuiller, 2010) .
Efforts to prohibit the initial introduction of non-native species are widely recognized as the most cost-effective management and policy strategy . Studies have combined distributional data with the ecological niche requirements of non-native species to identify the species for which establishment is most likely (e.g., Howeth et al., 2016) , apply species distribution models to identify invasion proneness across landscapes (e.g., Jiménez-Valverde et al., 2011) , and deploy risk analyses to determine those species likely to cause environmental and economic harm (e.g., Leung et al., 2012) . By contrast, once a non-native species has established a reproducing population, actions available to decision-makers narrow considerably . Slowing the secondary spread from the initial point of establishment and suppressing population numbers of the non-native species often are the most viable options (Vander Zanden & Olden, 2008) .
Our understanding of the patterns and mechanisms of invasive species dispersal has advanced considerably in recent years (Arim, Abades, Neill, Lima, & Marquet, 2006; Hastings et al., 2005) , including studies on movement behaviour (Rubenson & Olden, 2017) , determinants of spread (O'Reilly-Nugent et al., 2016) , time lags (Crooks, 2005) , leading edge dynamics (Johnson, Liebhold, Tobin, & Bjornstad, 2006) , and evolution through range expansion (Shine, Brown, & Phillips, 2011) . Nevertheless, mechanistic models of biological invasions addressing the needs of decision-makers that are both spatially explicit and dynamic in time are still underrepresented in conservation research (Buchadas et al., 2017) . Limited resources allocated to invasive species control leave managers grappling with where, when, and how to implement management strategies to maximize their effectiveness (Drury & Rothlisberger, 2008) . Ideal modelling efforts should support collaborations between scientists and decision-makers where, among many outcomes, the trade-offs between alternative actions can be evaluated. This is particularly critical when decisions regarding the intensity and spatiotemporal allocation of species control efforts are necessary (Epanchin-Niell, Haight, Berec, Kean, & Liebhold, 2012; Papes, Sallstrom, Asplund, & Vander Zanden, 2011) . Dynamic models have demonstrated increasing utility in this respect, where users are able to predict future species spread and quantitatively evaluate the efficiency of control measures differentially allocated across both space and time (Buchadas et al., 2017; Travis, Harris, Park, & Bullock, 2011) .
Here, we illustrate the application of a SEIBM as a mechanistic and flexible approach to understand the secondary spread dynamics of a freshwater invasive species and evaluate trade-offs between F I G U R E 1 Native and introduced range of rusty crayfish Faxonius rusticus in the conterminous United States (inset) and regional map of the John Day River basin with the hypothesized point of initial introduction (Olden et al., 2009) Initial introduction control strategies implemented across heterogeneous riverscapes.
SEIBMs are a bottom-up approach to simulating population dynamics (Grimm et al., 2005) in that they account for the effects of stochasticity and environmental factors on the biology and behaviour of each individual organism in the population. Individual life histories can be modelled through a series of events including movement, reproduction, and survival that are iterated over time. Emergent properties of this modelling process include population dynamics, species interactions, and dispersal (Dunning et al., 1995) .
Our study focuses on the secondary spread of the invasive rusty crayfish, Faxonius (formerly Orconectes) rusticus in the John Day River (JDR), a major tributary of the Columbia River (Figure 1) and the only known occurrence of this species west of the North American continental divide (Olden, Adams, & Larson, 2009) . One of the largest free-flowing rivers in the United States, the JDR is of high conservation importance as it supports a variety of fish species of significant cultural and economic value, including a population of endangered spring Chinook salmon Oncorhynchus tshawytscha and threatened steelhead Oncorhynchus mykiss. Rusty crayfish is an invasive species of concern because of its potential to spread rapidly, ability to reach extremely high densities, and polytrophic feeding habits that cause severe ecological impacts. They have been associated with declines in macrophytes, insects, snails, crayfish, and fish populations in a wide array of systems (Olden, Vander Zanden, & Johnson, 2011; Twardochleb, Olden, & Larson, 2013) .
Our study seeks to demonstrate the utility of SEIBMs to forecast the spread of aquatic invasive species and assess trade-offs among different watershed management strategies. First, we simulated the recent and rapid spread of rusty crayfish in the JDR watershed from the putative time and location of initial introduction to present-day, and quantified the magnitude and geography of invasion spread at the watershed scale. Second, we deployed the SEIBM to forecast the spread of rusty crayfish throughout the mainstem and tributaries of the JDR into the future at management-relevant time scales. Third, we evaluated the efficiency of, and trade-offs among, population control actions that allocate variable effort levels distributed across both space and time. This retrospective approach provides new insight into the value of early detection and rapid response strategies for invasive species management, and offers a framework that is readily applicable to other systems and species whose biology are well known.
| ME THODS

| Modelling approach
We use HexSim, an SEIBM framework, to simulate population dynamics given spatial data layers and population parameters (Schumaker & Brookes, 2018) . We are the first to apply a recent advancement in this modelling framework, an aquatic module that facilitates the modelling of populations in dendritic or networked landscapes (HexSim 4.0 available at http://www.hexsim.net/). HexSim relies on a sequential-event architecture, whereby the user defines a sequence of life history events (e.g., reproduction, movement, survival) that vary spatially and are iterated for every individual in the population at each time step over the study period (see Supporting Information Appendix S1).
| Study system
Evidence suggests that rusty crayfish were first released in the JDR near the town of Mount Vernon, Oregon, by a teacher and students of a nearby school (Olden et al.,2009) . Distributional data for rusty crayfish are available for 2005 and 2010 (Olden et al., 2009; Sorenson, Bollens, & Counihan, 2012) from opportunistic sampling at public river access sites (Figure 2 ). Between these surveys, the leading edge of the invasion advanced downstream at an estimated rate of 13.5 km/year (Sorenson et al., 2012) and densities approximating 50 individuals/m 2 were observed in some areas (J.D. Olden, per. com. September 2016) .
HexSim relies on a network structure whereby the movement of each crayfish takes place at the river reach scale and therefore crayfish life history events unfold in response to environmental conditions in the particular reach. Here, the National Hydrography 
| Crayfish life history
To estimate rusty crayfish population dynamics, a number of model structures and parameters using the same common life history were evaluated on the basis of 10 replicate runs. Rusty crayfish is a particu- produce a number of offspring drawn from a normal distribution whose mean and standard deviation depend on the parent's age class and the density of crayfish in their reach. Density dependence was therefore included in the model as a linear relationship between recruitment and local crayfish density, such that the crayfish density at which mean recruitment reached 0 was considered a proxy for the reach-scale "carrying capacity" of the population. Because the factors that can contribute to mortality are numerous and their specific influence is unknown, mortality differed among age classes but was kept constant for all crayfish of a given age class and occurred as a stochastic process at every monthly time step.
Due to the computational requirements of the model, juvenile crayfish (age 0) were aggregated into "super-individuals" (Scheffer, Baveco, DeAngelis, Rose, & van Nes, 1995) , each representing four individuals, for their first year. Both the number of offspring per crayfish and age-0 crayfish mortality were divided by four, yielding the same number of age-1 individuals by the following recruitment season in July. Based on our preliminary analysis, we observed that the effect of this approach on model predictions was consistent over time and space, and only resulted in a slight underestimation of spread.
| Crayfish dispersal
In the HexSim aquatic module, crayfish movement was performed along a network of one-dimensional branching segments over distances stochastically drawn monthly from a defined dispersal kernel. Often derived from mark-recapture data, a dispersal kernel is the probability of an individual moving a given distance away from its original location. In contrast to the wealth of information regarding the ecology of rusty crayfish, fewer estimates of dispersal rates exist that are specific to river systems; and rates of rusty crayfish to the warmer tributary with a probability of 0.8. This probability was chosen to account for the reported thermal preferences of rusty crayfish (Supporting Information Appendix S4).
Evidence from the literature points to a directional bias of crayfish dispersal in river networks, with invasions spreading faster downstream than upstream (Supporting Information Appendix S4).
Accordingly, an "upstream resistance" parameter was created that proportionally decreases the upstream distance moved by crayfish according to the slope of the river reach they are traversing, as reach slope is a reliable correlate of flow shear stress and physical barriers experienced by crayfish. Parameter values were iteratively examined to correspond to observed patterns of dispersal in the JDR (Supporting Information Appendix S4).
| Model calibration and validation
A pattern-oriented modelling approach was used to ensure that the SEIBM possessed a satisfactory accuracy for its intended application (Grimm et al., 2005) . To ensure consistency in our measure of relative density, we exclusively sampled in runs when possible, as this mesohabitat provides the most adequate flow velocity and depth for this sampling method (Larson & Olden, 2016 baited with ~100 ml volume of commercial crayfish bait were set overnight in pools and deeper runs. 
| Model refinement and sensitivity analysis
| Assessing the effectiveness of crayfish control strategies
We quantified the potential effects of control measures on the distribution, density, and rate of spread of rusty crayfish in the JDR. The most common outcome from previous crayfish control attempts is that eradication is not a feasible goal once a population of invasive crayfish is established, particularly in open systems like rivers (Stebbing, 2016) . However, control measures to slow the spread of a population and reduce overall densities (a direct determinant of ecological impacts) can be successful and desirable (Simberloff, 2009 ). Here, we simulated hypothetical control efforts involving mass crayfish removal through trapping occurring across the entire population range with different levels of intensity reflecting additional yearly mortality of 10%, 17.5%, 25%, 37.5%, and 50%. Moreover, we examined the effect of initiating these control strategies at different times since initial in- To evaluate whether the tested control measures were realistic, we also estimated the trapping effort (in number of trap nights) that would be required to achieve these levels of mortality. This Model predictions supported the high likelihood that rusty crayfish will spread and invade the mainstem of the Columbia River at least by 2025 (Figures 2 and 3) . At that time, the crayfish population is expected to exceed 350 million individuals and extend over more than 1,100 km of river, including almost all major tributaries of the JDR (Figure 3 ).
| Sensitivity analysis
The model results were robust to parameter changes within 20% of their calibrated value, particularly for the estimates of spread (see summary and relatively invariant to changes in dispersal structure and parameters (Supporting Information Appendix S5).
The extent of river predicted to be occupied by rusty crayfish was sensitive to both life history parameters and dispersal parameters, though it varied the most to changes in the latter. Small changes in life history parameters, on the order of ±20%, only marginally influenced estimates of spread (<20% difference in invasion extent for all parameters and years). Interestingly, a change in the influence of water temperature on movement, from a dependence on the monthly number of days above 6°C to a parabolic response to monthly mean reach water temperature, did not significantly influence spread (<5% change in invasion extent). Furthermore, changes from a constant movement distance for all individuals in the population to a highly leptokurtic dispersal kernel with rare long-distance events nearly doubled the spread of rusty crayfish, despite the kernel mean movement distance remaining the same. Indirect patterns also arose. For instance, increased resistance to upstream dispersal 
| D ISCUSS I ON
Using dynamic simulation modelling of rusty crayfish spread over a two-decade period and forecasting its future distribution, we F I G U R E 6 Projected yearly trapping effort required to achieve mortality rates of rusty crayfish from control strategies in the John Day River basin (JDR), Oregon. Temporal trend (x-axis) in yearly trapping effort (averaged over 10 replicate model runs, y-axis) required to achieve increasing levels of population reduction (additional yearly mortality from trapping, lighter to darker colours) in each reach of the JDR. Effort is measured in trap night representing one trap set for 12 hr overnight. Therefore, 1,000 trap nights can be 1,000 traps set over one night or 100 traps set over 10 nights. Starting earlier (e.g., 2 years after the putative year of introduction, blue hue) requires less cumulative effort in the longterm than starting 10 years (green hue) or 18 years (red hue) after the initial introduction. Similarly, investing more resources upfront (higher mortality rate, darker colours) decreases long-term costs due to more effective control of population levels spreading during the initial stages of the invasion, either due to a prolonged lag in long distance dispersal (Crooks, 2005) or to initial depensatory fish predation (Baldridge & Lodge, 2013) . On the other hand, the kick-netting catch-per-unit-effort reported in this study was collected in optimal rusty crayfish habitat and thus does not reflect reach-averaged crayfish densities. A full validation of site-level density would require an intensive survey design relating the spatial distribution of mesohabitats in a given reach with crayfish densities for each habitat type at that site.
A decision-support model such as the one introduced in this study could significantly strengthen existing efforts to promote invasive species management as a pillar of the Columbia River Basin restoration programme (Naiman et al., 2012) . In the case of rusty crayfish, our recommended trapping effort intensity given rapid action (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) is similar to the successful five-year largescale removal of rusty crayfish in Sparkling Lake, WI (Hein, Vander Zanden, & Magnuson, 2007) and slightly inferior to that in the experimental removal of signal crayfish in the River Windrush in the UK (Moorhouse et al., 2014) . Although promising, the implementation of any large-scale control action should involve a transparent evidencebased assessment of risks and uncertainty by an independent research group to avoid undesirable outcomes (Kopf et al., 2017) .
A combination of control methods could also be assessed to find the most effective strategy that fits the current stage and context of the invasion (Stebbing, 2016) . For instance, the HexSim model can be used to test a management strategy that focuses on curbing the spread of rusty crayfish upstream into salmon spawning grounds.
Physical barriers could be installed to slow or halt the upstream spread of crayfish (Dana, García-de-Lomas, González, & Ortega, 2011) . The model may thus be altered to evaluate whether demographic Allee effects upstream of barriers could be exploited by trapping to prevent further spread (Tobin, Berec, & Liebhold, 2011) .
Salmon populations are already exposed to multiple stressors in the upper reaches of the John Day River, including the upstream advance of non-native smallmouth bass and warming summer temperatures (Lawrence et al., 2014; Rubenson & Olden, 2017) . Accordingly, the coupled effect of riparian vegetation restoration on salmon habitat availability and rusty crayfish spread via stream cooling could also be assessed by integrating HexSim with additional models (McHugh et al., 2017; Ruesch et al., 2012) .
Our sensitivity analysis, together with a review of the literature, provided confidence regarding the model parameter estimates (Supporting Information Appendix S4 and S5). By varying parameters in small (±20%) and large increments (−75%, +100%), we demonstrated that the population size projected by our model was sensitive to changes in juvenile survival and intrinsic fecundity for population size, but was largely invariant to carrying capacity or the number of propagules seeding the initial invasion. Although we recommend caution in the interpretation of model outputs for direct management, the model predictions under alternative scenarios can be improved through adaptive management. Control efforts can yield additional information on crayfish densities, dispersal, and trapping efficiency that may be leveraged to refine the model structure and parameters.
In this study, we show that early action may stall the projected Although numerous models exist to assess those areas most at risk of invasive species introductions (Olden et al., 2011) , the current dearth of quantitative tools available to resource managers limits the effectiveness of control measures aimed at limiting the spread of invasive species that are already established (Ibanez et al., 2014; Vander Zanden & Olden, 2008) . We demonstrate here the utility of SEIBMs to forecast the secondary spread of aquatic invasive species and evaluate different management strategies aimed at population control. Beyond enhancing our current understanding of the invasion of rusty crayfish in the JDR, our work therefore demonstrates that controlling the spread of invasive species is possible even after their establishment and provides a novel way to allocate limited management efforts effectively in the fight against aquatic invasive species.
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